We have previously observed that subunits of the chaperonin required for actin production (type-II chaperonin containing T-complex polypeptide 1 [CCT]) localize at sites of microfilament assembly. In this article we extend this observation by showing that substantially substoichiometric CCT reduces the initial rate of pyrene-labeled actin polymerization in vitro where eubacterial chaperonin GroEL had no such effect. CCT subunits bound selectively to F-actin in cosedimentation assays, and CCT reduced elongation rates from both purified actin filament ''seeds'' and the short and stabilized, minus-end blocked filaments in erythrocyte membrane cytoskeletons. These observations suggest CCT might remain involved in biogenesis of the actin cytoskeleton, by acting at filament (ϩ) ends, beyond its already wellestablished role in producing new actin monomers.
INTRODUCTION
The chaperonins are double-ringed ϳ20S particles containing 7-9 ϳ60 kDa adenosine triphosphatase subunits per ring, enclosing a substrate-binding cavity (Ellis and Hartl 1999; Leroux and Hartl 2000) . They have been subdivided into types I and II on the basis of distribution, sequence similarity, subunit complexity, and ring symmetry (Leroux and Hartl 2000) . The type-II chaperonin containing T-Complex Polypeptide 1 (CCT), found in the eukaryotic cytosol, has 8-membered rings and is unique in having 8 distinct, though related, subunits (Kubota et al 1995; Gutsche et al 1999; Leroux and Hartl 2000) . Unlike the archetypal GroEL chaperonin (type I), which has a rather general range of substrates (Houry et al 1999) , CCT is proposed to have more limited specificity: its chief substrates in vivo are the major cytoskeletal proteins actin and tubulin (Sternlicht et al 1993) . Other reports propose a wider extent of folding substrates (eg, Melki et al 1997; Thulasiraman et al 1999; Leroux and Hartl 2000; McCallum et al 2000) and other evidence still suggests additional cellular interactions involving CCT. Oligomeric (ϳ20S) CCT particles associate with assembly intermediates of the hepatitis B viral capsid but not with unassembled native capsid proteins or fully assembled capsids (Lingappa et al 1994) . Other findings also suggest a transient role for CCT in assembling multimeric structures, such as modulating interaction between Von-Hippel Lindau (VHL) protein and elongins B and C (Feldman et al 1999) , myosin light and heavy chain assembly (Srikakulam and Winkelmann 1999) and, possibly, Ca 2ϩ -dependent chromaffin granule secretion (Creutz et al 1994) . The CCT␣ subunit is detected at the centrosome, and CCT-specific antibodies prevent centrosome-nucleated microtubule regrowth, a process not dependent in vitro on new protein synthesis (Brown et al 1996) . It is not clear whether all these activities relate to CCT in the form of an oligomer of fixed composition (Liou and Willison 1997) or involve free subunits or microcomplex subas-semblies (Liou and Willison 1997) that can arise by K ϩ ion and adenosine triphosphate (ATP) hydrolysis-dependent disassembly (Roobol et al 1999a) . CCT subunits behave selectively as microtubule-associated proteins (Roobol et al 1999b) , and this again suggests that CCT may have a role in tubulin assembly beyond production of correctly folded monomers. The possibility that CCT may also be involved in actin polymerization was first hinted at by immunofluorescence studies, which detected CCT subunits at ruffling edges of fibroblastlike cells (Roobol and Carden 1999) and at the leading edge of developing neurites (Roobol et al 1995) . Both are locations where constant modification of the actin cytoskeleton (microfilament assembly and disassembly) occurs. To examine the possibility that CCT has functions relating to actin assembly (polymerization into filaments), beyond the folding of newly synthesized proteins, we performed a set of in vitro experiments. The results, described in this study, provide the first evidence that CCT can modulate elongation rate at the (ϩ) end of actin filaments.
MATERIALS AND METHODS

Preparation of CCT
Approximately 20S CCT (16-mer) was enriched from rat testis by sucrose gradient fractionation (Roobol and Carden 1993) and further purified by anion exchange chromatography (Pharmacia Resource Q) using a linear gradient of 100-400 mM NaCl (Roobol et al 1995; Roobol and Carden 1999) . CCT for all experiments was a selective population (pooled lowest salt eluting fractions) lacking bound actin or tubulin detectable by immunoblot, unless noted otherwise. Escherichia coli GroEL was from Epicentre Technologies (Cambio, UK).
Preparation of pyrene-labeled actin and measurement of actin polymerization
Actin was purified from rabbit muscle (Pardee and Spudich 1982) and labeled in filamentous form at cysteine 374 with N-(pyrenyl)maleimide using a 1:1 (with respect to G-actin) molar ratio (Kouyama and Mihashi 1981) . Spectrophotometry revealed pyrene incorporation into ϳ30% of the actin monomers. Equal amounts of labeled and nonlabeled G-actin (final concentration of 4.5 M) were combined (in 2 mM Tris pH 8.0, 0.2 mM ATP, 5 mM ␤-mercaptoethanol, 0.2 mM CaCl 2 , and 0.02% NaN 3 ) to reduce the fluorescent signal into the detection range of the equipment and made up to 100 mM KCl, 2 mM MgCl 2 , and 2 mM ATP (assembly buffer). For all assembly experiments, except 1 noted in the results section, this actin was subjected to a size exclusion chromatography step (Pardee and Spudich 1982) before use (to generate substantially monomeric G-actin). After excitation at 344 nm, fluorescence emission was measured at ambient temperature using a Perkin-Elmer LS50B instrument set at 388 nm, 5-nm slit width, sample interval 5 seconds, and response time 0.5 seconds. To monitor the effect of CCT on actin polymerization, purified CCT was dialyzed overnight into assembly buffer without ATP and added to a final concentration of 0.05 M.
Preparation of rat erythrocyte ghosts
The procedure of Pinder and Gratzer (1983) was used: red blood cells were collected by centrifugation at 500 ϫ g from 20 mL of rat blood diluted 1:1 with 1.5% (w/v) sodium citrate and 0.88% (w/v) NaCl. They were washed 3 times by centrifugation with 10 mM sodium phosphate of pH 7.4, 150 mM NaCl, and lysed by resuspension in 7.5 mM sodium phosphate of pH 7.4, 1 mM ethylenediamine-tetraacetic acid (EDTA), 1 g/mL pepstatin A, and 1 g/mL phenylmethane sulfonyl fluoride. Soluble cell contents were removed by repeated washing with 7.5 mM sodium phosphate of pH 7.4 and 1 mM EDTA.
Cosedimentation of F-actin and CCT
CCT and G-actin were clarified before use in polymerization assays, at 96 600 ϫ g for 30 minutes at 4ЊC, conditions under which F-actin forms a pellet, whereas CCT and G-actin remain soluble. After 2 hours of polymerization, samples were recentrifuged under these same conditions.
Other methods
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) used 9% polyacrylamide gels and was sometimes followed by Western blotting (Roobol et al 1999b) . Protein concentrations were determined by Bradford assay (Bradford 1976 ) using bovine serum albumin (BSA) standards. Immunoblot detection of CCT subunits was carried out with subunit-specific antibodies (Roobol et al 1999b) to sequences from the COOH-termini of mouse CCT subunits (Kubota et al 1994) . Essentially identical procedures (Roobol et al 1999b) were used to generate and characterize new CCT subunit-specific, affinity-purified rabbit antisera with the peptide NH 2 -CSA-GRGRGQARFH-COOH (GenBank NM007638), where the underlined cysteine residue was introduced for conjugation. Two different batches of antisera (eta1 and eta2) were produced in separate rabbits. Densitometric analysis of Coomassie Blue G250-stained SDS-PAGE gels was performed using Phoretix PC data analysis software. 
RESULTS
Substoichiometric amounts of CCT inhibit actin polymerization in vitro
To investigate the effect of CCT on actin filament assembly, the in vitro polymerization of 4.5 M pyrene-labeled G-actin was monitored by fluorescence enhancement (Fig  1) . A significant reduction in the initial rate of actin polymerization was observed in the presence of 0.05 M CCT 16-mer. No such reduction was apparent in the presence of 0.05 M GroEL or BSA, indicating that the effect of CCT is specific.
Initiation of actin polymerization involves the formation of a nucleation complex that comprises 3 actin monomers to which further salt-activated monomers are added during the elongation of polymers (Bray 2000) . Because the number of such trimers is small and free actin monomers are in large excess, polymerization of actin is a pseudo first-order reaction. Polymerization rate constants were fitted to a single exponential and rate constants calculated using data obtained from 180 seconds to 3600 seconds. Values were 6.67 ϫ 10 Ϫ4 for 4.5 M G-actin alone, 3.76 ϫ 10 Ϫ4 for 4.5 M G-actin-50 nM CCT, 5.9 ϫ 10 Ϫ4 for 4.5 M G-actin-50 nM BSA, and 6.6 ϫ 10 Ϫ4 for 4.5 M G-actin-50 nM GroEL. Data from the first 180 seconds were omitted to allow for thermal equilibration. Residual values from fitted lines of best fit were random with correlation coefficients close to unity (data not shown), supporting the use of a single exponential model. During extended assays, where polymerization reached a plateau, CCT affected the initial rate of polymerization and not the final level of filament formation (Fig 1D) .
CCT-mediated reduction of the initial rate of actin polymerization was also determined by a different, sedimentation-based assay over a range of concentrations (0-65 nM) limited by the difficulty of isolating highly pure (tubulin-free) ϳ20S CCT. F-actin (4.5 M) pellet formation after 1 hour was reduced by 14% in the presence of 14 nM CCT (1:321 CCT 16-mer:G-actin), 26% at 32 nM CCT, and 32% at 65 nM CCT. These values are clearly proportional to CCT concentration and confirm results from fluorimetric assays.
Selected CCT subunits remain associated with microfilaments assembled in vitro
We had previously observed that selected CCT subunits remain associated with polymerizing microtubules (Roobol et al 1999b) . Therefore, the possible binding of CCT (either as an intact 16-mer or as smaller subassemblies) to F-actin was investigated by sedimentation assays followed by immunoblotting. CCT subunits were cosedimented with actin filaments formed from nonlabeled G-actin after 2 hours of incubation under the same polymerizing conditions as those used for fluorimetric analyses (Fig 2) . CCT incubated alone and then centrifuged under the same conditions did not form a pellet (not shown-but see Grantham 1998) . But CCT subunits did associate with F-actin pellets and to quite different ex- Immunoblot quantitation of selective type-II chaperonin containing T-complex polypeptide 1 (CCT) subunit binding to F-actin in a polymerization experiment. After incubation under polymerizing conditions for 2 hours at room temperature, a sample containing 4.5 M actin (method 2-see text) and 0.05 M CCT (a single column fraction-see text) was centrifuged at 96 600 ϫ g for 30 minutes and corresponding volumes of pellet (P) and supernatant (S) prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot. Upper panels are strips that were probed separately with CCT subunit-specific antibodies, as indicated. Lower panels are the same blot strips reprobed with anti-actin (monoclonal antibody C4 from ICN Pharmaceuticals Inc. Costa Mesa, CA, USA) yielding 73% of the immunoreactivity in the pellet vs 27% in the supernatant. These latter values were consistent across lanes and intensities indistinguishable, suggesting uniformity of transfer to nitrocellulose during electroblotting.
tents: CCT and CCT were comparatively enriched in the pellet, whereas CCT␤, CCT⑀, and CCT were slightly more abundant in the supernatant. Distribution of CCT␣ and CCT␥ appeared comparable between pellet and supernatant. Most significantly, CCT␦ did not bind detectably to F-actin under these conditions. Samples of actin polymerized in the presence of CCT were examined after negative staining using an electron microscope, but no CCT complexes were obviously associated with the filaments. Single CCT subunits and subassemblies would not, however, have been detectable because of resolution limitations (data not shown, but see Grantham 1998) .
To confirm these results actin was polymerized in the presence of CCT and the cosedimentation of CCT subunits analyzed at a point when polymerization had reached a plateau (Fig 3) . The actin used for this experiment (kind gift of Miss Nancy Adamek, UKC) varied from that used in all other experiments. It was prepared (from rabbit muscle) essentially as described (Pardee and Spudich 1982) but notably without ATP added to the buffers for purification steps beyond the initial extraction from an acetone powder and without chromatography by size exclusion as a final purification step. This actin polymerized faster than that used in other experiments. The CCT preparation used for this analysis also differed from that used in all other experiments insofar as it derived from a single fraction in the actin-free (by blot) leading peak from a monoQ column. Even so, the degree of F- actin association again varied between CCT subunits, with CCT␦ again showing the least binding and CCT the greatest, as quantitated in Fig 3. Testing of other CCT fractions in the same preparation yielded similar results (not shown), namely, selective CCT subunit binding to Factin, though with some variability. This suggestion that subfractionated CCT (which reproducibly elutes in an unusually very wide profile from monoQ columns) does not have uniform properties is reminiscent of a similar variability (A. Roobol, personal observation) in K ϩ -, Mg ϩϩ -, and ATP hydrolysis-dependent disassembly (Roobol et al 1999) .
CCT reduces actin filament elongation
Reduction of actin polymerization by CCT cannot be explained by CCT 16-mer or even by individual CCT subunits acting as monomer sequestering proteins because effective levels of CCT are simply too low. Therefore, CCT may modulate actin polymerization by affecting nucleation (trimer formation), filament elongation, or possibly both. The filament elongation process can be assessed directly by monitoring the addition of pyrene-labeled Gactin onto preexisting, nonlabeled F-actin ''seeds'' in the presence of CCT. If used below its critical concentration for polymerization (ie, in the absence of significant nucleation), any fluorescence enhancement must arise from the addition of labeled monomer onto existing filaments. Indeed, no fluorescence enhancement was detected when 1 M pyrene-labeled G-actin was incubated alone in assembly buffer (Fig 4A) , although elongation did occur in the presence of an additional 200 nM F-actin seeds. At 0.05 M, CCT virtually eliminated this elongation ( Fig  4A) , strongly indicating that CCT interacts with the filament because actin trimers involved in nucleation are excluded from this assay. Under these conditions there was no evidence for CCT acting as an actin-severing protein because this would result in fluorescence enhancement by the creation of new filament ends available for elongation (Pinder and Gratzer 1983) .
To confirm this interpretation another elongation assay was conducted using the short actin filaments present in the erythrocyte membrane-associated cytoskeleton (Pinder and Gratzer 1983; Kuhlman 2000) . This system is based on the principle that actin filament minus-ends are blocked by interactions with spectrin and protein 4.1 and in the absence of Mg 2ϩ ions (conditions used here) the barbed filament (ϩ) ends are available for elongation. When a preparation of erythrocyte ''ghosts'' containing such filaments (50 g erythrocyte ghost protein/mL) was used as seeds for elongation assays with 1 M pyrenelabeled G-actin (subcritical concentration), the presence of 0.05 M CCT again significantly reduced the fluorescence enhancement (Fig 4B) .
DISCUSSION
It is well accepted that CCT is a chaperone essential for functional actin production in cells. As with other chaperones, there is no detectable interaction between CCT and its final native G-actin product (eg, Melki and Cowan 1994 and our own observations not shown here, but see Grantham 1998) . It is therefore widely held that the interaction of actin with CCT is completed upon production of the folded actin polypeptide. But the assembly of Gactin to F-actin involves significant structural changes to monomers (Lorenz et al 1995) , and such changes might well alter or reexpose surfaces that render CCT once more capable of binding this known substrate polypeptide. In each of the various experiments described in this study the results suggest such interactions between CCT and filamentous actin. This is particularly important because it suggests a wider extent to the functional interactions between CCT as a chaperone and actin as a substrate than that recognized previously.
Interactions between CCT and polymerizing actin are demonstrated by the reduction of the initial rate of actin filament elongation by CCT (Fig 1) . GroEL shows no such effect and provides a fairly stringent control because it is a chaperonin that can bind, but is not able to fold, denatured actin monomer (Melki and Cowan 1994) . Thus, any effect of CCT on actin polymerization does not seem attributable to its recognizing nonnative actin possibly generated by the pyrene labeling used here. Indeed, in the sedimentation assays (see text of results section) CCT again diminished the rate of actin filament polymerization, despite completely unmodified purified native actin being used. Sedimentation analysis in the presence of GroEL (not shown, but see Grantham 1998) likewise confirmed its lack of effect on actin polymerization (Fig 1B) . The similar sizes and shapes of GroEL and CCT oligomers also control for any unspecific chaperonin entanglement in F-actin pellets. That CCT slows down actin polymerization without affecting final yield (Fig 1D) is consistent with the action of other molecular chaperones. These may influence (usually by increasing) the fidelity of processes involved in protein folding, structure adoption, interactions (or all), sometimes at the expense of reducing the overall rate at which they are completed (eg, Thirumalai and Lorimer 2001) .
Selective binding of CCT subunits to F-actin (Fig 2) is of great interest, in particular, the absence of the CCT␦ subunit from F-actin pellets. CCT␦ is directly implicated in binding newly synthesized or denatured actin (Vinh and Drubin 1994; Llorca et al 1999) . Absence of CCT␦ interaction, and other aspects of the selectivity with which CCT subunits were found in this study to interact with F-actin, strongly suggests a significant difference between this mechanism and that by which CCT interacts with nonnative monomeric actin during its initial folding and production. The high levels of KCl and ATP required here for actin polymerization resemble conditions necessary in cell lysates for CCT to undergo ATP hydrolysisdependent disassembly (Roobol et al 1999a) . But purified CCT (as used in this study) appears quite resistant to ATP-hydrolysis-induced disassembly (Roobol et al 1999a) in the absence of unknown factors in total cell extracts. It seems likely therefore that the differential CCT subunit associations with F-actin revealed in this study arise by interaction of intact CCT with actin filaments followed by partial disassembly. We cannot, however, exclude the possibility that there is prior disassembly and then selective binding, especially if actin is capable of acting as a cofactor in regulating CCT disassembly.
Results in Figure 4 suggest that CCT interacts with Factin at filament ends. This would certainly explain the effectiveness of substantially substoichiometric CCT. Reduction in elongation from erythrocyte ghost filaments (Fig 3B) was less extensive than that from pure F-actin seeds (Fig 3A) , but this is likely to reflect the relative abundance of filament ends in the 2 preparations. In the seeds assay numbers could be sufficiently low for CCT binding at most, if not all, ends. In the ghosts assay the reduction of actin filament elongation by CCT is consistent with its action at the barbed, fast-growing (ϩ) ends of actin filaments. Questions arise regarding the possible purpose and significance in vivo of CCT modulating actin filament formation. CCT could, perhaps, act as a ''quality control'' mechanism for G-actin molecules during their addition onto filaments. This would affect rate and perhaps fidelity, but not the final level, of actin polymerization. After the production of native G-actin monomer it may be necessary for CCT to act to reduce the rate of actin polymerization in the cell to allow or assist in the sequestration of actin molecules, or their interactions, with 1 or more of their many regulatory proteins. A more likely function for CCT is that it is required for successful filament formation in vivo; that is, in the crowded context of the cytosol (Ellis 2001) . Addition of actin monomers onto elongating actin filaments must involve both protein conformational change and transient exposure of the hydrophobic surfaces that will lie between adjacent actin molecules in the filament. Exposure of such vulnerable, aggregation-prone surfaces in the crowded environment of the cell is obviously highly undesirable. Interaction with CCT at these vulnerable stages of filament formation may therefore be essential to the efficiency of in vivo actin assembly. Because actin can be long-lived (Rubinstein et al 1976; Cook et al 1991) , if easily denatured, the phenotypes of yeast CCT gene knockouts and mutants (eg, Vinh and Drubin 1994) may owe something to loss of this function, in modulating cytoskeletal disposition and dynamics, not simply to a lack of functional building block production. Certainly, findings in this study suggest that CCT may contribute to the recent observation in quite different experiments (Jahraus et al 2001) that ''. . . actin, a protein that has been extensively characterized as a pure component, behaves differently when in a cytosolic extract, . . . ''. That CCT has not been identified previously as a factor in actin assembly is not surprising: pure actin assembles well in isolation and, specifically, in the absence of actin modulating factors, such as capping and stabilizing proteins, now known to have significant effects in vivo (eg, Bray 2000) . Further, we have found that CCT and actin are cotransported along axons (Carden et al 2000) , in a quite distinctly posttranslational process. Although this does not prove direct interaction, it could minimally reflect a requirement that CCT remains as a chaperone for this vulnerable but crucial cellular protein, already a known substrate, throughout its lifetime or at least before its final incorporation into the microfilament network.
In conclusion, we have presented here in vitro findings that extend previous subcellular colocalization of actin and CCT subunits at sites of microfilament assembly (Roobol et al 1995; Roobol and Carden 1999) . This makes it not unreasonable to propose the possibility of a functional link between CCT and actin filament formation. It is therefore both necessary and of great interest to investigate in vivo the role of CCT in the process of microfilament dynamics, although such investigations to prove the hypothesis, or otherwise, will by no means be simple.
